The question of whether monofunctional DNA platinum(ll) adducts block synthesis of DNA by purified DNA polymerases of different types and origin has been investigated by comparing the time dependence of synthesis arrest and of DNA adduct formation. Activated salmon testis DNA is used as a suitable substrate for DNA synthesis allowing to probe inhibition by platinum(ll) monoadducts for the variety of inherent template-primers. Reaction amplitudes are related to defined mixtures of dichloro and chloroaqua platinum(ll) complexes. It is found that (i) all investigated DNA polymerases seem arrested (100% efficiency) at bifunctional DNA adducts. (ii) human DNA polymerase 13 bypasses most of the monofunctional lesions of the three platinum(ll) complexes investigated, (iii) Klenow fragment is blocked by monoadducts with increasing efficiency in the order c/s-diamminechloroaquaplatinum(ll) (0%) <meso-[1,2-bis(2,6-dichloro-4-hydroxyphenyl)ethylenediamine] chloroaquaplatinum(ll) (50%) <frans-diamminechloroaquaplatinum(ll) (75%). (iv) Escherichia coli DNA polymerase I, Thermus aquaticus DNA polymerase, Physarum polycephalum DNA polymerase a, and calf thymus DNA polymerase a appear to be arrested by monoadducts. According to these examples, blocking efficiencies depend on the cis/trans-stereogeometry of fixation of the carrier ligands at platinum(ll) residues, on the size/chemical nature of the platin(ll) carrier ligand and on the type/origin of DNA polymerase.
INTRODUCTION
DNA is an important target of the antitumor drug cisplatin and of related platinum(II) complexes. The drug binds first monofunctionally in the position of N7 of guanine residues and then forms crosslinks to other purine residues in sequences d(GpG), d(ApG), d(GpNpG) and between guanine residues of opposite DNA strands. The kinetics of the in vitro reaction between cisplatin or other platinum(II) complexes and DNA have been elucidated [ (1) (2) (3) (4) (5) and references therein]. The monofunctional DNA adducts in vivo carry a chloro ligand that is replaced by water before the second purine residue is attacked in a solvent assisted reaction. Because the half-life of 2 h for the hydrolysis is of considerable length, the biological functions of the monoadducts are considered.
One of the potentially cytocidal effects of bifunctional lesions is to block DNA synthesis. Monofunctional adducts are believed to be inactive in arresting DNA synthesis. The strongest experimental basis for this is that the complex [PtCl(dien)]Cl, which can only form monofunctional lesions, apparently does not block DNA synthesis (6, 7) . Results from replication mapping of cisplatin-treated DNA support this view (8) . At variance with these results, we have obtained evidence by kinetic analysis that monoadducts of the antitumor drug cisplatin are inhibitory (1) .
The goal of the present investigation is (i) to provide a number of examples showing that DNA monoadducts can block DNA synthesis in purified systems, (ii) to provide evidence that the efficiency of synthesis arrest depends on structural properties of the platinum(II) complex, such as size or stereogeometry, (iii) to examine whether the efficiency of the arrest depends on the type/origin of DNA polymerase, and (iv) to compare the results of our kinetic method with those of the replication mapping technique. We purposely employ activated DNA from a natural source. This allows us to examine in a single experiment a variety of template-primers that differ by their base sequence. We choose a kinetic method, which distinguishes blocking by monofunctional from bifunctional adducts.
MATERIALS AND METHODS Materials
The platinum(II) complexes cis-[Pt(NH 3 ) 2 Cl 2 ], trans-[Pt (NH 3 ) 2 C1 2 ] were gifts of Degussa (Frankfurt), and meso-[ 1,2bis(2,6-dichloro-4-hydroxyphenyl)ethylenediamine]dichloroplatinum(II) (meso-6-PtCl 2 ) was prepared by Dr. Gust (Regensburg, Germany). Nucleotides were purchased from Boehringer (Mannheim, Germany), salmon testis DNA from Sigma (Munich, Germany), radioactively labelled dNTP's from Amersham (Braunschweig, Germany), and all other chemicals of highest available purity from Merck (Darmstadt, Germany). Recombinant, physically pure DNA polymerase I of Escherichia coli and DNA polymerase of Thermus aquaticus (sequencing grade) were purchased from Promega (Heidelberg). One unit DNA polymerase is defined as the amount of enzyme required to catalyse the incorporation of 10 nmoles of dNTP into an acidinsoluble form in 30 min (Promega, Heidelberg, Germany).
Klenow fragment (>3 1O 3 unit/mg) was purchased from Boehringer (Mannheim, Germany). One unit DNA polymerase is defined as above. DNA polymerase a from Physarum polycephalum was purified according to (9) . Highly purified preparations had a specific activity of 2.5 X10 4 unit/mg. The definition of one unit refers to the incorporation of one nmole of dNTP in 1 h under standard assay conditions. Immuno purified primase DNA polymerase complex from calf thymus (10) was a gift of Dr. Grosse (Gottingen, Germany). Recombinant human DNA polymerase /3 (11) was a gift of Dr. Wilson.
Stock solutions of platinum(II) complexes were prepared by dissolving the dichloro complexes in destilled water (pH [5] [6] and allowing them to hydrolyse in the dark over night at 25 The reaction of platinum(II) complexes with activated DNA The DNA in the reaction with platinum(II) complexes was gapped (activated) salmon testis DNA. This DNA contains alternating stretches of single and double stranded DNA. The 3'-ends of double stranded regions served as primers of DNA synthesis along single stranded stretches of DNA. Activated DNA was prepared by limited digestion with DNase I as described (2) .
Activated salmon testis DNA and the platinum(IT) complexes were allowed to react at 37 °C in a solution containing 10 mM MES buffer pH 5.5 at a fixed ratio of 0.1 mol platinum per mol DNA nucleotides. The reaction was started by the addition of the stock solution. At various times, samples were drawn and quickly added to the DNA polymerase assay mixture, which did not yet contain dNTP's, activated DNA and enzyme. The complexation of platinum(II) with DNA was immediately arrested by the shift to pH > 8 in the assay mixture, thereby converting reactive aqua platinum(II) complexes to much less active hydroxo complexes (2, 12 dpm radioactive label into acid precipitable material. Synthesis was allowed for 15-30 min at 37°C (70°C in the case of Thermus aquaticus DNA polymerase). DNA was precipitated and prepared for radioactivity counting as described (15) . DNA synthesis by DNA polymerase a was carried out in 50 mM Hepes buffer pH 8.5 for 10 min at otherwise identical conditions in order to account for the more acidic pH-optimum and protein instability. In controls, DNA synthesis using activated DNA was performed in reaction mixtures that contained in addition the Pt(II)-DNA. After accounting for DNA synthesis at Pt(II)-DNA, the incorporated radioactivity was the same as in the absence of Pt(II)-DNA. This indicated that the intrinsic activities of the DNA polymerases were not affected by Pt(II)-DNA and still free platinum(II) complexes.
Kinetic analysis
The reactions of platinum(II) complexes with DNA in aqueous solution are described in Table 1 . These reactions were initiated with the platinum stock solutions containing a mixture of the dichloro-and chloroaquaplatinum(II) complexes. The reactions are at first discribed for each of these species separately and then in combination.
The chloroaqua complexes bind to salmon testis DNA forming monofunctional adducts that still contain the chloro group (Reaction 2 in Table 1 ) (1 -4). Before such a monoadduct can form a crosslink with another purine base (reaction 4), the chloro group must be replaced by water (reaction 3). Under our experimental conditions, this is the slowest reaction in the sequence. If mono-and bifunctional DNA adducts arrest DNA synthesis with equal efficiency, the reaction of the platinum(II) complex as seen by the inhibition assay follows a single exponential time dependence with a rate constant corresponding to the formation of the monofunctional DNA adducts (reaction 2). If only bifunctioal adducts block synthesis, the time dependence is also of first order, however with the much slower rate constant for the release of chloride (reaction 3).
The dichloroplatinum(II) complexes dissociate generating new chloroaqua complexes (reaction 1) while the monofunctional DNA adducts slowly release their chloro ligand (reaction 3). These former dichloroplatinum(II) complexes react with new nucleotide residues until the reaction is complete. Bifunctional adducts are thus formed from the dichloro complexes in consecutive first order reactions (reactions 1 to 4). The hydrolysis reactions (reactions 1 and 3) are slow and of comparable rates ( Table 1 ). The pseudo first order attack of DNA by the chloroaqua complex (reaction 2) is relatively rapid. Therefore, the kinetics of the formation of bifunctional adducts in the consecutive reaction pathway are approximately of first order and seem to follow the release of the chloro ligands (reactions 1 and 3). The time dependence of the inhibition of DNA synthesis is very similar if either bifunctional DNA adducts block synthesis After initiation with the above stock solutions, the reactions of dichloro and chloroaqua complexes are superimposed. If DNA synthesis is inhibited only at sites of bifunctional adducts, the observed time dependence is due to the superposition of the consecutive reactions in the path starting with the chloroaqua complex (reactions 2, 3, 4) and of the consecutive reactions in the path starting with the dichloro complex (reactions 1, 2, 3, 4). This time dependence is approximately first order. A plot of the logarithm of the radioactivity incorporated into DNA versus the time of the reaction with the platinum(II) complexes is approximately linear with the slope representing the rate constants for hydrolysis (reactions 1 and 2). If the dichloro and chloraqua species inhibit with equal efficiency, a fast (due to reaction 2) and a slow (due to consecutive reactions 1 and 2) time dependence are superimposed giving rise to a biphasic semilogarithmic plot. This dependence is analysed by substracting the slow single exponential phase from the overall time dependence. The semilogarithmic plots of the slow phase and of this difference allow the determination of the rate constants and the amplitudes of the underlying slow and fast dependences.
An arrest of DNA synthesis by monoftinctional DNA adducts is assessed on the basis of four criteria: (i) At a molar ratio of 0.1 mol platinum(II) complex and DNA nucleotides, prolonged reaction times lead to an almost full inhibition of DNA synthesis, (ii) The semilogarithmic plot of incorporated radioactivity as a function of the reaction time of the platinum(II) complexes with DNA is biphasic. If the time dependence is monophasic, bifunctional adducts are the only blocking lesions, (iii) The value of the rate constant for the fast phase must be comparable to the rate constant for reaction 2 in Table 1 , and that for the slow phase to the rate constant for reactions 1 and 3. (iv) The reaction amplitude of the fast phase must be comparable to the fraction of chloroaqua platinum(TI) complex in the stock solution in order to be certain of equal blocking efficiencies for monofunctional and bifunctional DNA adducts. If the amplitude compares to less Table 2 . Arrest of DNA polymerase dependent DNA synthesis by monofunctional DNA adducts of platinum(IT) complexes. Reactions were carried out in the presence of 10 mM Mes buffer pH 5.5, 37°C, and 0.4-4.0 mM activated salmon testis DNA (nucleotides in a 10-fold excess over platinum). Second order rate constants k(fast) were calculated on the basis of the observed pseudo first order rate constants and the concentration of DNA (in terms of nucleotides) (2 For all DNA polymerases, the ability of activated DNA to support synthesis declined after the reaction with the platinum complexes. The level of DNA synthesis after prolonged reaction times approached 2-5% of the level in the absence of platinum. This high level of inhibition is compared with the experimental ratio of 1 mol platinumfJJ) complex and 2.2 mol guanine residues (the GC-ratio of salmon testis DNA is 0.44).
Semilogarithmic presentations such as in Figure 1 043 mM meso-6-PtClaq, 0.007 mM meso-6-PtCI 2 . The drawn curves were computed on the basis of the concentrations and the kinetic parameters in Table 2. in the biphasic curves and the slopes of the linear monophasic dependences were similar. They were independent of the concentration of DNA. In contrast, the slopes for the fast branches in the biphasic dependences were concentration dependent. By these criteria, the slow reactions referred to monomolecular and the fast ones to bimolecular reactions. The values of the rate constants and the relative reaction amplitudes (100% for the overall arrest of DNA synthesis) are listed in Table 2 .
Rate constants for the slow monomolecular reactions were (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) Table 1 , the slow arrest paralleled hydrolysis (reactions 1 anc 1 3 in Table 1 ) and the fast arrest the formation of the monofunctional DNA adducts (reaction 2).
For Escherichia coli DNA polymerase I, Thermus aquaticus DNA polymerase, Physarumpolycephalum DNA polymerase a and calf thymus DNA polymerase a, the observed time dependences were biphasic. The relative reaction amplitudes of the fast phases corresponded with the fractions of chloroaqua complexes in Table 2 , calculated on the basis of equation [2] . This and the agreement between the values of the rate constants indicated that DNA synthesis by these DNA polymerases was arrested with equal efficiency of mono-and bifunctional DNA adducts.
For human DNA polymerase /3 the semilogarithmic plots ( Figure 1 ) revealed monophasic dependences for [Pt(NH 3 ) 2 Cl(H 2 O)] + and meso-6-PtClaq. This and the comparison of rate constants indicated that human DNA polymerase /3 was not blocked by monofunctional but only by bifunctional DNA adducts of thes eplatinum complexes. The enzyme was arrested, however, by monofunctional adducts of the trans-isomer, although with considerably less efficiency than by the bifunctional adducts. Klenow Fragment was arrested with high efficiency (100%) by bifunctional adducts and with varying efficiency by the monofunctional adducts. Thus, cisplatin seemed inactive ( = 0% efficiency), while meso-6-PtClaq (50%) and trans-[Pt(NH 3 ) 2 Cl(H 2 O)]+ (75%) were inhibitory ( Figure 1 , Table 2 ).
DISCUSSION
The results of the kinetic analysis suggest that bifunctional DNA adducts invariantly block DNA synthesis. This is concluded from the fact that DNA synthesis is almost completely inhibited after prolonged reaction times when 80% -90% of the DNA adducts have been converted to bifunctional adducts [(5) and references therein]. In contrast, monofunctional adducts induce arrests with variable efficiency. This variation depends on the nature of both the DNA polymerase and the chemical structure of the platinum(II) complex.
The majority of DNA polymerases as represented by Escherichia coli DNA polymerase I, Thermus aquaticus DNA polymerase, and the lower/higher eukaryotic DNA polymerases a seem to be unable to bypass monofunctional DNA platinum(II) adducts. The finding would be in agreement with the previous report of arrests for DNA polymerases a from calf thymus and from Drosophila melanogaster (8) . However, these arrests have been attributed to a pausing of DNA synthesis at assumed sites of artificial DNA structures. At variance with this, blocking cannot be attributed to such artifacts in our present investigation.
In contrast to these DNA polymerases, human repair DNA polymerase /3 bypasses monofunctional adducts, and DNA synthesis is blocked only at positions of bifunctional DNA platinum adducts. This type of DNA polymerase is known to catalyse gap filling in double stranded DNA during repair and also during DNA synthesis at the lagging strand of the replication fork [for a review see (18) ]. The following observations are interesting in connection with the observed bypassing: (i) The expression of the human DNA polymerase /3 gene is activated in certain cell lines, which have become resistant to platinum(II) complexes (19) . (ii) From experiments in cell cultures involving differential dBrU-labelling and gradient centrifugation of replication products, it is evident that DNA synthesis can bypass platinum lesions (20) . It seems possible that this bypassing refers to the activity of DNA polymerase j3.
The significance of the bypass of a DNA lesion with regard to the antitumor potential of a platinum(II) complex is not clear. Although bypassing allows completion of DNA synthesis, it could introduce noncomplementary bases, thus leading to distortion or loss of genetic information and ultimately to cell death. Future work will have to shed light on this question.
The efficiency of the arrest of Klenow fragment at the sites of monofunctional DNA adducts appears to reflect the size and the structure of the platinum complex. The to-date list of monofunctional DNA adducts with known blocking activities contains chlorodiethylenetriamineplatinum (II) chloride, [(dien)PtCl]. This compound can only form monofunctional adducts. It arrests replication of SV40 plasmid by cytosolic extracts of human cells (21) but is ineffective in blocking in vitro replication of bacteria (6, 7) . Monofunctional adducts with high blocking efficiency are formed by the newly developed antitumor drugs cis-[Pt(NH 3 ) 2 (Am)Cl] + ('Am' stands for a pyridine, pyrimidine, purine or aniline) (22, 23) .
The exact mechanism of the arrest of a DNA polymerase at the site of a monofunctional DNA adduct has not been investigated here and remains unsolved. It seems likely, so far, that steric repulsion inferred by the size of the conserved ligand(s) and/or the cis/trans-stereogeometry of fixation to platinum(II) is one of the reasons for arrest. A DNA lesion could principally affect initiation of DNA synthesis, gap-filling (elongation), and nick translation (in the case of Escherichia coli DNA polymerase I). Klenow fragment, the proteolytically truncated form of this polymerase, which lacks the 5'-3' exonuclease activity, is arrested by the monoadducts of cisplatin only marginally, if at all, whereas the full length DNA polymerase I is completely blocked. Taking this into account, it appears likely that the 5'-3' exonuclease activity is the actual site that is blocked in DNA polymerase I. It has been found that bifunctional DNA adducts weaken the association of DNA polymerase I with Pt-DNA and block the initiation of DNA synthesis (13) . A mechanism considering the arrest by monofunctional adducts has probably also to deal with such effects. DNA polymerase 13, which is the most efficient of the DNA polymerases in bypassing monofunctional lesions, is more distributive than any of the other DNA polymerases [for reviews see (16, 18) ]. It seems likely that this enzyme rapidly releases template at positions of platinum adducts and resumes DNA synthesis at still functional sites of the DNA. Work is in progress in order to substantiate this possibility.
Our kinetic analysis complements replication mapping. Mapping gives information on the nucleotide sequence surrounding the adduct. One of the problems is that mapping itself cannot distinguish between monoftinctional and bifunctional adducts. An objection against the kinetic method presented here is that activated DNA, in contrast to DNA used in replication mapping, is ill defined with regard to nucleotide sequences adjacent to the platinum adduct. We are aware of this possibility. However, the goal of the present investigation is the demonstration of an arrest under a condition of as many as possible nucleotide sequences. Such a variety is expected for template-primer segments in activated DNA. We think that this is not a weakness but a strength of our approach. Future work will have to consider such sequence effects similarly as has been reported (1, 2, 4) . Another objection is that the kinetic method could not exclude the possibility that arrests attributed to monoftinctional adducts are in fact caused by unrecognized, rapidly forming bifunctional adducts. This possibility is ruled out by previous findings that monoftinctional adducts can only close to give bifunctional adducts after the second chloro ligand has been released (reaction 3, half-life of 2 h, Table 1 ).
In conclusion, our results show that blocking by monoftinctional DNA adducts depends on the nature of a purified DNA polymerase and on the structural properties of the platinum(II) complex. It is likely that the present findings are relevant for in vivo DNA replication; however, because of the complexity of replication, this has to be considered in future experiments.
